We report three generations of p-type dendrimer semiconductors comprised of spirobifluorene cores, carbazole branching units and fluorene surface groups for use in organic field-effect transistors (OFETs). The group of dendrimers are defined by their generation and noted as SBF-(Gx) 2 , where x is the generation. Top contact-bottom gate OFETs were fabricated by spin-coating the dendrimers onto an n-octyltrichlorosilane (OTS) passivated silicon dioxide surface. The dendrimer films were found to be amorphous. The highest mobility was measured for the first generation dendrimer (SBF-(G1) 2 ), which had an average mobility of (6.6 ± 0.2) × 10 −5 cm 2 /V s and an ON/OFF ratio of 3.0 × 10 4 . As the generation of the dendrimer was increased there was only a slight decrease in the measured mobility in spite of the significantly different molecular sizes of the dendrimers. The mobility of SBF-(G3) 2 , which had a hydrodynamic radius almost twice of SBF-(G1) 2 , still had an average mobility of (4.7 ± 0.6) × 10 −5 cm 2 /V s and an ON/OFF ratio of 2.7 × 10 3 . Density functional theory calculations showed that the highest occupied molecular orbital was distributed over the core and carbazole units meaning that both intra-and intermolecular charge transfer could occur enabling the hole mobility to remain essentially constant even though the dendrimers would pack differently in the solid-state.
INTRODUCTION
The two main groups of materials generally used to make OFETs are polymers and small molecules. 1, 2, 3 The methods used to process these semiconductors are very different. Small molecules such as pentacene have relatively high hole mobilities (up to 3 cm 2 /Vs) 4 but are not normally solution processable. Hence, they are deposited under highly controlled vacuum evaporation conditions where the substrate temperature and deposition rate are programmed to form wellordered films. In contrast, polymers are generally spin-coated from solution and here the choice of solvent 5 and spin speed is important as they determine the rate of alignment of the polymer chains in the film as it dries (solvents with high boiling points are often preferred). Variations in device performance can arise due to differences in regioregularity and/or molecular weight and polydispersity. 6 Reproducibility of molecular weight and polydispersity is difficult to achieve in conjugated polymer syntheses and where different can lead to variations in charge transport and consequently device performance for transistors utilising 'nominally' the same polymer. Both small molecules and polymers have anisotropic charge transport meaning they have to be carefully oriented to allow the charges to flow efficiently from the source to the drain electrode in an OFET. This orientation is difficult to achieve in a consistent manner and often requires careful annealing. Subtle variations in the heating/cooling characteristics during annealing have a significant influence on the final bulk ordering of the material. For example, the large variation in mobility values reported for poly(3-n-hexylthiophene) (P3HT) is caused by differences in molecular weight, polydispersity, regioregularity, and processing conditions. 2 Innovative materials that allow intrinsically isotropic charge transport are highly desirable and could avoid unpredictable annealing and other post-fabrication processes necessary to get highly ordered films. Dendrimers are branched macromolecules that consist of a core, branching points (known as dendrons) and surface groups. Conjugated dendrimers have been studied extensively for use as the light-emitting layer in organic light-emitting diodes 7 with fewer reports of their use in organic photovoltaic devices 8,9 sensors 10,11 and OFETs. 12 The properties of a dendrimer are defined by its generation, which is the number of levels of branching between the core and surface groups. The surface groups play an important role as they interact with the surrounding environment and impart solubility and solution processability. 12, 13 Varying the generation alters the size and dimensionality (2D or 3D) of the dendrimer through steric interactions as well as, potentially, the number of electroactive chromophores. Charge transport in OFETs is dependent on interactions between chromophores and decreasing distances between hopping sites can increase the charge-carrier mobility, increase channel conductance and decrease operating voltages.
The dendrimers in this work have spirobifluorene cores with two dendrons attached. The three generations of dendrons are comprised of carbazole units and have 9,9-di-n-propylfluorenyl surface groups. In a previous report on dendrimers with fac-tris(2-phenylpyridyl)iridium(III) cores and the same dendrons it was found that the hole mobility (measured by time-of-flight) increased with increasing generation. 14 We were therefore motivated to determine whether the same affect would be observed in an OFET architecture where transport in the channel is dictated by the planar morphology, packing and hopping dynamics.
Materials and mobilities
The structures of the three generations of dendrimers are shown in Figure 1 . Figure 1(a) is the first generation dendrimer as it only has one level of branching carbazole units whereas Figure 1(c) is the third generation and has three levels of carbazole branching. The synthesis of the dendrimers has been reported elsewhere 15 but briefly they are simply prepared via a convergent route where the dendrons are attached to the core via a Buchwald amination to 2,7-dibromospirobifluorene. Each dendrimer is named according to its core (SBF), generation (G1, G2 and G3) and the number of dendrons attached to the core as follows: SBF-(G1) 2 , SBF-(G2) 2 , SBF-(G3) 2 . To summarize each series are written as SBF-(Gx) 2 where x refers to the generation. The mobilities of each dendrimer were calculated using the two standard MOSFET equations for the linear and saturation source-drain current regimes:
Where µ is the field-effect mobility, I DS the source-drain current, ω and L are the channel width and length respectively, C i is the capacitance of the insulator (10 nF/cm 2 ), V DS the voltage across the source and drain electrodes, V g the voltage applied to the gate and V TH the threshold voltage. V TH is found by plotting the square root of I DS against V g (transfer curve) and extrapolating to zero [ Figure 2(b) ]. Both equations were used and compared so that results were similar within 10%. Each quoted mobility is an average of at least 5 different OFETs. The ON/OFF ratios were determined from the transfer curves, with V g = 0 to −100 V and V DS = −80 V.
RESULTS AND DISCUSSION
The ionization energy (IE) for each dendrimer was measured using photoelectron spectroscopy in air (PESA). The IE for all three dendrimers was found to be ~ −5.7 eV [ Table 1 ]. This is deeper than most reported p-type organic semiconductors which generally exhibit IEs between −4.8 and −5.3 eV. 2 As such, gold alone was not an appropriate metal to use for source and drain contacts with these dendrimers due to a large energy barrier (~ 0.7 eV) between the gold work function and the IEs of the dendrimers. Use of gold-only contacts resulted in non-ohmic behaviour, and inefficient charge injection into the active layer. To improve charge injection a 15 nm film of molybdenum(VI) oxide The highest mobility measured for this dendrimer series was the first generation dendrimer, SBF-(G1) 2 , which had a mobility of (6.6 ± 0.2) × 10 −5 cm 2 /V s and an ON/OFF ratio of 3 × 10 4 [ Table 1 ]. The fact that the mobility is in the range 10 -5 -10 -4 cm 2 /Vs is due to the amorphous nature of the films. What is somewhat remarkable is that as the generation increased there was only a slight decrease in the mobilities. SBF-(G2) 2 had a mobility of (5.7 ± 0.4) × 10 −5 cm 2 /V s and an ON/OFF ratio of 5.7 × 10 4 while for the third generation dendrimer, SBF-(G3) 2 the mobility was (4.7 ± 0.6) × 10 −5 cm 2 /V s and the ON/OFF ratio was 2.7 × 10 3 . Interestingly, the threshold voltage decreased with generation from −18 V for SBF-(G1) 2 to −10 V for SBF-(G2) 2 and −7 V for SBF-(G3) 2 . Although there is a decrease in mobility across this series, all the mobilities were of the same order of magnitude [ Figure 3 ] in spite of the difference in dendrimer size and shape. The hydrodynamic radii of the dendrimers were determined by gel permeation chromatography (GPC) from the average viscosity molecular weight in combination with the Hester-Mitchell equation and the Mark-Houwink relationship (Table  1 ) 18 The hydrodynamic radius increased by 30% steps in moving from the first to the second and third generation dendrimers. Assuming that the dendrimers have similar densities this means that on average for the higher generation dendrimers there will be fewer macromolecules in the channel linking the source and drain electrodes, and hence fewer inter-dendrimer charge transporting hops required to span the channel. In addition, it would be expected that as the generation increases (especially for the third) that the dendrimers would become less planar due to steric interactions causing twisting of the chromophores within the dendrons. Given these differences the question that therefore arises is to why the hole mobilities are so similar for each of the dendrimers. To gain a preliminary understanding of the charge transport properties of the dendrimers we have undertaken density functional theory (DFT) calculations using GAMESS-US 19 with the B3LYP functional and the 6-31G basis set. This basis set is relatively small as the dendrimers are quite large. The geometries of the first two generations of dendrimer of the series were optimized using DFT, whereas the third generation dendrimer was not optimized due to its size. Figures 4 and 5 show the molecular orbital distribution of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for SBF-(G1) 2 and SBF-(G2) 2 respectively. For SBF-(G1) 2 the HOMO and LUMO are both delocalized over the entire dendrimer [ Figure  4 ] although there is a concentration of the orbital density on the core and carbazole branching groups. For SBF-(G2) 2 the HOMO has a contribution over the SBF core and the first and second level of branching carbazole units, but does not extend appreciably to the outer rings of the fluorene surface groups [ Figure 5 (a)]. The LUMO for SBF-(G2) 2 is strongly focused on the core and first branching carbazole units [ Figure 5 (b)]. Although not calculated, given the similarity in the linking of the carbazole units in the dendron, it would be expected that the third generation dendrimer would have a similar trend in orbital distribution. That is, the HOMO orbital density would be found on the first, second, and third level of carbazole branching groups with little on the surface groups, with the LUMO concentrated more towards the centre of the dendrimer. If we assume that the hole transport occurs by hopping from a HOMO on one dendrimer to the next (neglecting that one dendrimer will be charged) then charge transport can occur providing one of the dendrimer arms overlap with an adjacent dendrimer neighbor. It should be noted that the spiro-bifluorene cores cannot pack closely due to the orthogonal nature of the fluorene groups. For the first generation dendrimer the overlap could be of the carbazole or fluorene groups as they both have significant orbital density. For the second generation (and by analogy the third) the HOMO density is concentrated more towards the core of the dendrimer with little on the surface groups. It can therefore be postulated that there is slightly less chance in the second-generation dendrimer (compared with the first) of good spatial overlap of the HOMO between adjacent dendrimers and hence the hole mobility is reduced. This situation is exacerbated for the third generation dendrimer, which is significantly less planar than the smaller two dendrimers. That is, the lack of planarity decreases the chance of good overlap of the HOMOs of adjacent dendrimers and hence a decrease in hole mobility. The fact that there is not a dramatic drop in mobility with increasing generation is due to the fact that the HOMO does spread out to all the carbazole units, that is, even those near the surface groups.
CONCLUSION
OFETs with an active channel comprised of three different generations of dendrimer have been fabricated. The dendrimers can be solution processed to form amorphous thin films. The hole mobility of all three generations was found to be in the range of 10 -4 -10 -5 cm 2 /Vs. DFT calculations show that the HOMOs of the dendrimers are spread out across the molecules with a concentration on the core and carbazole units, with the latter enabling sufficient overlap to provide a pathway for charge transport between dendrimers.
EXPERIMENTAL METHODS
Device fabrication and testing. A top-contact bottom-gate architecture was used for all OFETs. All fabrication and characterization was carried out in a nitrogen filled glovebox (MBRAUN) at 23 °C with O 2 and H 2 O levels between 0.1 and 0.3 ppm, unless otherwise stated. A heavily n-doped silicon wafer (University Wafer, P(100) 1-10 ohm/cm SSP 500 µm Prime Grade) was used as a gate electrode with Cr (4 nm)/Au (40 nm) evaporated on the bottom for a contact. Silicon dioxide (350nm, confirmed by a NanoSPEC 2010 thickness measurement system) was thermally deposited on top of the wafer for a gate dielectric. Substrates were cleaned by ultra sonication in acetone (>99.8% by GC) then 2-propanol (>99.9% by GC) for 20 min each at 60 °C followed by drying with a stream of nitrogen. SiO 2 surfaces were treated with octyltrichlorosilane (OTS, 97%) by immersion in a 3 mM solution of OTS in toluene (>99.7%, anhydrous) for at least 48 h before removing and rinsing with toluene. 20 mg/ml solutions of each dendrimer were made in toluene, and spin-cast at 1500 rpm/60 s forming ~95 nm thick films (film thickness was measured using a DEKTAK 150 profilometer). Top contacts of MoO 3 (15 nm) then Au (30 nm) were vacuum deposited (vacuum = 2 × 10 −6 mbar, rate ~0.4 Å/s) through DRIE shadow masks 20 forming channel lengths L = 50 to 200 µm and channel widths ω = 1000, 2000 and 3000 µm with ω/L = 50 to 400. OFETs were characterized using an Agilent B1500A Semiconductor Devices Analyzer and an SA-6 Semi-Auto Prober.
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